Abstract-A reiterative technique is developed for finding in normalized form the differential phase shift provided by the circular waveguide, completely filled with azimuthally magnetized ferrite which propagates normal T E 01 mode. It consists in a repeated numerical solution of the structure's characteristic equation, derived in terms of a definite complex Kummer confluent hypergeometric function, followed by a computation of the normalized guide radius and phase constant at a fixed value of the off-diagonal ferrite permeability tensor element. The idea of the method is to vary arbitrarily or according to a certain scheme the imaginary part of the first complex parameter of wave function until the counted numerical equivalent of the guide radius coincides with a chosen one of the same with a prescribed accuracy. The relevant value of the phase constant is accepted as the one, looked for. Calculations are performed for both signs of the imaginary part (of the ferrite magnetization), yielding the phase shift sought. The numerically presented results are discussed.
INTRODUCTION
The characteristics of the circular waveguides, containing a disc-or ring-shaped azimuthally magnetized coaxial ferrite area have been an object of a comprehensive study in view of their possible application in the design of various microwave control components [1] [2] [3] [4] [5] [6] [7] . Such are e.g., the nonreciprocal digital phase shifters, operating in the normal T E 01 mode [2] [3] [4] [5] [6] [7] . The development of the devices mentioned requires calculation of the differential phase shift which the configurations in question might produce. This however is an arduous task [5, 7] .
Here an iterative method is elaborated and applied to reckon the differential phase shift provided by the circular waveguide, entirely filled with ferrite, magnetized in azimuthal direction by an infinitely thin central switching wire that supports normal T E 0n modes. The approach uses the characteristic equation of the structure [2] : Φ (a, c; x 0 ) = 0, (1) written by the complex Kummer confluent hypergeometric function [8] in that a = c/2 − jkcomplex, c = 3, x 0 = jz 0 , k = αβ/ 2β 2 ,β 2 = 1 − α 2 −β 2 , z 0 = 2β 2r0 , k, z 0 -real, −∞ < k < +∞, z 0 > 0, sgn k = sgn α (α = γM r /ω -off-diagonal ferrite permeability tensor element, −1 < α < 1, γ -gyromagnetic ratio, M r -ferrite remanent magnetization, ω -angular frequency of the wave,β = β/ β 0 √ ε r ,β 2 = β 2 / β 0 √ ε r ,r 0 = β 0 r 0 √ ε r , β -phase constant, β 2 -radial wavenumber, r 0 -guide radius, β 0 = ω √ ε 0 µ 0 -free space phase constant, ε r -ferrite relative permittivity).
ITERATIVE METHOD FOR DIFFERENTIAL PHASE SHIFT COMPUTATION

Description of the Method
A network of {|α| ,r 0 } pairs, satisfying the condition for phase shifter operation of the geometry [2] , is constructed. Anyone of them α ch ,r ch 0 is chosen. For an arbitrarily picked out value k ch of the parameter k the positive purely imaginary roots ζ are put in the expressions [2] :
The computed value of the normalized phase constantβ comp is accepted as the one looked for, if the determined in the same way value of the normalized guide radiusr comp 0 coincides withr ch 0 within the boundaries of the set in advance accuracy. Otherwise, the parameter k is changed and the procedure is done over again. The calculations are performed twice for k + > 0 and k − < 0, yielding the numerical equivalents of phase constantsβ + andβ − , resp. the normalized differential phase shift ∆β =β − −β + . For simplicity the discussion is restricted to the normal T E 01 mode (n = 1) only. (Note thatβ is independent of n. In addition, the subscripts "+" and "−" answer to positive (α + > 0, k + > 0) and negative (α − < 0, k − < 0) magnetization, resp. The superscripts "ch" and "comp" are attached to the symbols, standing for the parameters chosen, resp. the quantities computed which are used in the numerical analysis. In the final outcomes they are dropped.) 
Comments
To find the numerical equivalent of k for whichr comp 0 ≡r ch 0 , determining the subsequent approximations k ch to it just arbitrarily, without employing any sort of system, is difficult. It is advisable to specify first an interval, involving it (an interval forr 0 , includingr ch 0 ). Dividing the same into parts and taking that of them which incorporates the value of k looked for (resp.r ch 0 ), would accelerate the process to a large extent. The initial and all subsequent intervals could be split up e.g., in two, ten, one hundred, etc. parts, localizing in this way better and better the numerical equivalent of k of interest (approaching from both sidesr ch 0 ). The procedure winds up as before when the prescribed accuracy forr comp 0 is achieved. Accordingly, the arbitrary choice is restricted to the initial stage of the method only, until the interval in question is tracked down. ε ch (ε ch -positive real number, less than unity, specifying the prescribed accuracy. Note that r
). (Each of the inequalities:r
could serve also as a condition for terminating the iterative scheme.) Any of the computed valuesβ (n)comp , belonging to the interval β (n)comp lef t ,β (n)comp right which corresponds to the one ∆r
, might be accepted as the numerical equivalent ofβ searched for. The procedure is reiterated two times for both signs of k, yieldingβ − andβ + , resp. ∆β =β − −β + for the set α ch ,r ch 0 singled out. Then, the latter is changed and the computations begin anew.
Numerical Example
Let again α ch = 0.1 andr ch 0 = 4. Table 1 illustrates the results for the subsequent iterations executed, following the above method. It is assumed that m ch = 10. Data for the zeroth approximation are not included in the Table. Throughout the paper the digits in a given result, being identical with these in the final one, are distinguished by bold face type. The values of parameters k for both directions of magnetization, pertinent to the normal T E 01 mode (n = 1), determined, applying the improved approach, are listed in Table 2 , on condition thatr 0 = 4(1)13 and |α| = 0.1, 0.2 and 0.3. The first (second) of each couple of rows for specificr 0 is relevant to k
).
Comment
The improved method is to be preferred, since it provides a better convergence of the iterative process and allows to specify the results faster than in case the parameter k is changed arbitrarily. . Dividing the last sequence of numbers by 0.1, it is easy to establish that the same holds also for the quantities ∆βr 0 / |α|. Similar results could be obtained for anyr 0 and |α| which submit to the rule for functioning of the set-up as a phase shifter [2] . Provided this is not fulfilled, ∆β is not produced (k ± , ζ
k±,n andβ ± do not exist) and for this reason the relevant positions in Tables 2 and 3 are empty.
CONCLUSION
An iterative method is worked out for calculation of the differential phase shift due to the azimuthally magnetized ferrite-loaded circular waveguide, operating in the normal T E 01 mode. The characteristic equation of the geometry, written through the complex Kummer confluent hypergeometric function Φ (a, c; x) with a = c/2 − jk -complex, c = 3, x = jz, k, z -real, z > 0, is employed. The roots ζ (c) k,n of this equation in x (in z) are used to compute the guide radiusr 0 , normalized with respect to frequency and relative permittivity of the medium, for a fixed value of the off-diagonal permeability tensor element of the latter. The parameter k is varied arbitrarily or in a specific way, until the computed value ofr 0 becomes identical with the preliminary singled out one of the same within the boundaries of the prescribed accuracy. The difference between the corresponding calculated numerical equivalent of the phase constants for both signs of k (of the ferrite magnetization), gives the phase shift looked for.
